Introduction
An optical surface texture sensor suitable for integration with a co-ordinatemeasuring machine (CMM) is described. The combination of the texture sensor and computer numerical control (CNC) CMM allows surface texture assessment to be made with greater ease than before. Dimensional and surface texture information are both important for manufacturing operations. The sensor permits consecutive dimensional and roughness measurement on a CMM; which is particularly advantageous for components, such as turbine blades, where both measurements are mandatory. The sensor system, shown in Plate 1, offers several advantages over traditional standalone surface profilometers:
. It is physically compact and mounts on the CMM using a simple adapter that fits the standard CMM touch probe holder. 
It has no moving parts and is robust.
. It does not touch the surface under inspection thereby preventing surface damage.
. It has a high data-sampling rate (up to one kHz).
. The combination of optical sensor and data processing system permits computation of the roughness profile and parameters, such as R a which is the mean departure of the profile from a reference line (Whitehouse, 1994) :
In equation (1), n represents the number of data points collected and z i the corresponding amplitude value at each sample location.
There have been several previous research projects on the application of optical sensors for workpiece monitoring. For example, Dinauer et al. (1994) employed a laser range sensor to measure mould surface form. The sensor was mounted on the same CNC machine tool used to manufacture the mould and was a component in a measurement and correction scheme implemented to minimise errors in form between the actual mould topography and the CAD database definition. In a comprehensive review of optical tool condition monitoring methods by Byrne et al. (1995) , the surface texture of a part, mounted on a standard grinding tool, was measured. A light emitting diode beam was scattered off the surface and the resulting intensity profile measured by a photo diode array. Feature extraction on the resulting surface texture signal generated parameters related to surface roughness.
Research on the application of fibre optics in surface texture measurement was performed by Spurgeon and Slater (1974) . A fibre bundle was used to deliver light to the surface and also to collect the reflected light and guide it to a photo detector. A correlation was found between the intensity of the reflected light (as measured by the photo detector) and the average roughness of the surface. However, the technique suffered from changes in the reflected light intensity due to the varying reflectance properties of the surface under inspection. Additionally, the measurements lacked sufficient sensitivity and were only suitable for measurements on smooth surfaces up to a R a of 0.5 "m. North and Agarwal (1983) circumvented both of these problems by using two fibre optic bundles, which illuminated the surface at two angles of incidence. The ratio of the two reflected light intensities removed the problem of surface reflectivity variation. The instrument showed good correlation with stylus measurements made up to a R a of 1 "m. The fibre optic sensors described above do not provide profile data of the surface; they simply correlate the collected light intensity with the R a measured by a stylus.
Description of the fibre optic sensor
Each of the main components of the sensor system is illustrated in Figure 1 and described below.
The sensor head
The fibre optic sensor employs the interference phenomena, between two coherent light waves, to directly measure the surface topography of a reflective sample. The sensor head, which forms an integral part of the fibre optic interferometer sensor system (FOISS), is shown in Figure 2 . The head consists of a single mode fibre and cylindrical focusing lens attached to the fibre's end. The lens, termed a gradient index or GRIN lens, serves several functions. The front face of the lens is partially coated with a reflective material that splits the incoming light wave (see Figure 3) . A portion of the incoming laser beam is transmitted and focused on to the target surface located approximately 7mm away and perpendicular to the lens front face.
A secondary portion of the incoming beam is reflected off the coating material and is
Plate 1 Photograph of the sensor head mounted on the CAM Figure 1 The inter-connection of the main sensor components Figure 2 Cut away view of the sensor head mounting block reflected back down the single mode fibre.
The lens coating and reflective surface create an interferometric cavity. The injected laser beam is a coherent wave characterised by its frequency, polarisation and phase. The partially coated lens acts as a beam splitter and divides the injected wave into two coherent waves A 1 and A 2 . The total light path lengths for A 1 and A 2 are different and, therefore, when recombined at the lens coated face the waves are phase shifted relative to one another. The recombined intensity pattern is dependent on the degree of phase shift between A 1 and A 2 and can result in constructive, destructive or some intermediary degree of interference. Consider Figure 3 and the complex notation for A 1 and A 2 :
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Where 9 1 and 9 2 are the phase of the respective waves and a 1 and a 2 their amplitudes. With a lens to surface distance, as shown in position 1, the wave A 1 is reflected from the lens coated face whereas the wave A 2 traverses the additional distance (2d 1 ). In position 2, the wave A 2 now traverses a longer distance (2d 2 ) created by the change in surface topography. The waves A 1 and A 2 are recombined at the lens front face and the recombined beam intensity is found from the complex amplitudes, (2) and (3), in the following manner:
I je I e P j 2 e I e P e I Ã e P Ã I je I j 2 je P j 2 e I e P Ã e I Ã e P I I 1 I 2 2I 1 I 2 1a2 cosR9 4 I 1 and I 2 are the intensities of the individual waves and R9 9 1 À 9 2 is their relative phase difference. If the path length of wave A 2 increases as shown in Figure 3 then the phase shift R9, and hence the intensity I, would vary according to equation (4). The relationship between relative phase shift, laser wavelength and path length difference (due to surface position change d 1 to d 2 ) is given by equation (5) below.
A photodiode monitors the variation of the recombined light intensity specified by equation (4). The surface profile height difference d 2 À d 1 between position 1 and position 2 is measured from the interference intensity, occurring between the reflected beams A 1 and A 2 , as detected by the photo diode. Assuming the surface height difference between positions 1 and 2 is one half wavelength of the laser source, then the corresponding phase difference between A 1 and A 2 is exactly 2% radians (as given by equation (5)). Therefore, at the photodiode the interference intensity amplitude passes through one cycle. Thus, the distance from lens to surface can be measured by tracking the interference fringes as shown in Figure 4 . In Figure 4 (a), the phase shift between the two light waves has an interference intensity value shown as I 1 . One of the fringe intensity minima is selected as a reference point. In position 2, the surface height has changed and the corresponding interference intensity value is I 2 as illustrated in Figure 4 (b). There is a fringe tracking mechanism in the sensor electronics that counts the number of fringe maxima that passes the selected reference point. Therefore, if the height variation exceeds one fringe the counter tracks the total height change by summing the fringe count and the fraction of the fringe to I 2 . Height variations of up to 20"m can be continuously measured. The laser diode
The system uses a laser diode, operating at a wavelength of 800 nm with an output power of 10 mW, connected to single mode fibre components. The laser light beam is launched into a single mode fibre, which is then subdivided into two branches:
(1) the sensor head branch with lens attached at the end; and (2) a reference fibre for monitoring laser diode performance.
A prime characteristic of laser diodes is that the output light wavelength can be modulated by altering the drive current to the diode. From the relationship specified by equation (5), alteration of the drive current to the laser also affects the phase measurement. This phenomenon is utilised in the sensor control electronics described below.
Sensor control system
As shown in the schematic of Figure 1 , the three essential components are:
(1) the sensor; (2) the computer; and (3) the CMM controller.
The function of each component is described below:
. The sensor module is physically composed of the fibre optic cable, partially coated lens, reflective surface and processing electronics. A change in surface profile height is manifested as an optical feed back signal containing the relative phase shift between waves A 1 and A 2 as described above. The processing and detection electronics convert the optical phase shift into a servo error voltage (E). This error voltage indicates the length change in the interferometric cavity formed between the lens front face and the surface, i.e. the change in the surface profile height. For a cavity originally containing N interference fringes, a physical height change creates an additional N 1 fringes, which are directly proportional to the servo error signal E. Modulation of the laser diode drive current adjusts the interferometric cavity path length to N fringes and by measuring the modulation voltage, the height difference is determined. The laser diode drive voltage is tracked by the sensor electronics and monitored by the data acquisition software running on the personal computer host.
. The computer is equipped with a data acquisition system that monitors the voltage output of the sensor electronics. Figure 4 Fringe counting between surface positions 1 and 2 in Figure 3 This is converted to the corresponding distance to the reflective surface by the data acquisition system. The data acquisition system has a corresponding software user interface for controlling all aspects of the sensor operation. The software enables control of the fibre optic sensor, data processing to calculate the surface profile and texture parameters, and the necessary commands to move the CMM.
. The sensor head is mounted in a holder, attached to the CMM z-axis arm, as shown in Figure 2 . The CMM is a 3-axis CNC machine that permits control of all three axes either by a manual control (joystick) or under part program control. The CMM provides a very stable translation system for the FOISS and can be programmed to travel at a constant speed for a pre-determined distance. The CMM z-axis positions the sensor head precisely at its stand-off distance above the surface sample and maintains the stand-off distance during translation. The graphical user interface also permits user control of the CMM.
The software user interface allows the data collection parameters to be set before commencing a scan. These parameters are the translation speed of the CMM z-axis arm, sampling length, start location, stand-off distance and sampling rate of the sensor. The interface synchronises the commencement of sensor data acquisition with the movement of the CMM arm. In particular, the software ensures that no data are collected during the CMM arm's acceleration and deceleration phases. The data produced by the sensor processing electronics have two components:
(1) a digital signal representing the lenssurface distance expressed as a fraction of the current interferometer fringe; and (2) a digital signal that tracks the current fringe number since commencing the scanning operation.
When combined, these two signals represent the actual height value between the lens and the surface under inspection. The control software converts each data pair into a value expressed in microns based on the known value of the laser wavelength (0.80 "m) and each value is stored in the computer's memory until the acquisition process is complete. The data are then written to a data file and graphed on the control software interface. The net result, as illustrated in Figure 5 , is that a profile of the surface topography is produced as the head is traversed in a straight line over the sample
Surface profile data processing
Two initial processing steps must be performed before calculating the amplitude parameters:
(1) filtering of the data to remove the high frequency sensor noise; and (2) calculation of a reference line from which roughness parameters can be determined.
The sensor noise exhibits a normal distribution and is removed from the data before further calculations are performed. A low frequency pass band filter was designed using a set of representative surface profiles. The higher frequency sensor noise was clearly distinguishable from the surface profile data when these data sets were examined in the frequency domain. The roughness parameter, R a , is determined relative to the reference line; the reference line selected in this work is the mean line as shown in Figure 6 . The mean line is located vertically, with respect to the profile, such that the profile area enclosed above the line is equal to that below it.
Performance of the surface profile sensor The sensor system results are compared below with stylus profilometer results for samples produced through milling and grinding. A standard surface texture specimen, generated by the milling process, was examined by both techniques. The sample has a stated R a value of 0.35 "m and was measured using a Surfcom 120A stylus profilometer. The surface profile, shown in Figure 6 , has a calculated R a value of 0.30 "m. The measurement parameters for the stylus technique were: cut-off wavelength of 0.80mm, measurement length of 1.5mm and stylus tip radius of 5 "m. Employing the FOISS, the R a value was calculated to be 0.31 "m over a measurement length of 1.4mm. The surface profile obtained is shown in Figure 6 . The top trace is the raw data, prior to filtering, and the bottom trace shows the filtered profile, mean reference line and absolute value of the profile data points.
A standard texture specimen generated by a grinding process was also examined using both techniques. The sample has a stated R a value of 0.35 "m and was measured using the Surfcom 120A. The surface profile obtained by the stylus method has an R a value of 0.36 "m. The measurement parameters for the stylus technique were: cut-off wavelength of 0.80mm, measurement length of 1.5mm, vertical magnification of 5000, horizontal magnification of 50. Employing the fibre optic sensor, the R a value was calculated to be 0.33 "m for a measurement length of 1.4mm.
To confirm the repeatability of the sensor data, the CMM was programmed to scan the same surface profile, of 0.4-mm length, four times. The four separate traces were compared to ensure the repeatability of the sensor and CMM translation system and are, within the limits of the sensor noise, identical.
Discussion
The amplitude parameter, R a , is in good agreement with the nominal value for both techniques; for the fibre optic sensor the difference is 10 percent and 5.5 percent for milling and grinding respectively, whereas for the stylus it is 14 percent and 2.8 percent. Visual comparison of the surface profiles also shows strong similarities. The reason why the fibre optic sensor profiles do not have quite the same level of detail as the stylus profiles is due to the laser spot size incident on the surface. The spot size of the laser is a critical factor in the sensor operation and, unlike the stylus tip diameter which is a fixed parameter, varies in effective diameter with changing surface profile height. The stand-off distance between the surface and the lens is nominally 7mm. If the lens moves closer to, or further away from, the surface than 7mm, then the spot diameter increases from its minimum value. At a stand-off of 7mm, the diameter is estimated to be 20 "m, which is larger than the stylus tip radius and responsible for some degradation in the finer surface detail. This`c onvolution effect'' results in less detail compared to the 10 "m tip size of a stylus. However, all optical sensors do suffer from some limitations due to the optics employed. Therefore, the sensor must be compared to the selected manufacturing process to ascertain if the operating specifications are adequate. The sensor performed well for the finish machining operations discussed above.
